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Introduction
Action and excitability of myelinated axons depend on voltage-dependent Na + channels and a variety of K + channels, which have essentially similar kinetic properties in different animal species including man. However, their distribution along the axon is not homogeneous and there are speciesdifferences, particularly in K + channel distribution (e.g. Chiu et al, 1979; Brismar, 1980; Baker et ai, 1987; Roper and Schwarz, 1989; Scholz et al., 1993; Waxman and Ritchie, 1993; Vogel and Schwarz, 1995) . The properties of the nodal membrane largely determine the axon's strength-duration properties (Bostock, 1983) , and these will change with changes in membrane potential (e.g. Bostock and Bergmans, 1994) , with temperature (Bostock, 1983) and with demyelination as the exposed membrane is effectively enlarged by the ectopic activity to develop in sensory axons than in motor axons, but it is presumably not the sole biophysical difference between human sensory and motor fibres. Recently, Panizza et al. (1994) presented calculations of strength-duration and strength-delay time constants for human axons, and reported longer time constants for sensory axons, thus confirming predictions from an earlier study (Panizza et al., 1992) .
The study of Panizza et al. (1994) represents the only formal study in the literature of such properties for myelinated sensory and motor axons in human subjects. To measure the strength-delay curve they used the technique of 'latent addition', measuring the time course of the decay in excitability produced by a brief subthreshold conditioning pulse. In four experiments on three subjects, conventional strength-duration curves were also measured, and these data provided similar values for the 'time constant'. Importantly, both the strength-delay and strength-duration data were analysed assuming an exponential relationship which has been found inappropriate for strength-duration data of single myelinated axons (Bostock, 1983) .
The present study was undertaken to compare strengthduration curves for sensory and motor potentials of equivalent size, to determine the most appropriate curve-fitting equation for the data, and to examine the reproducibility of the calculated time constants on different days, for potentials of different amplitude and at different sites along the nerve. The data could not be described by an exponential curve. There was a linear relationship between stimulus charge and its duration as predicted by Weiss's formula (Weiss, 1901; Bostock, 1983; Geddes and Bourland, 1985) , a finding which confirms that of Bostock et al. (1983) on myelinated axons of the rat.
Methods
Experiments were conducted on 20 normal subjects (aged 24-50 years, nine male, 11 female) with no clinical or neurophysiological evidence of peripheral nerve disorders. All subjects gave informed consent to the experimental procedures which had the approval of the appropriate Institutional Ethics Committee.
The strength-duration curves of sensory and motor axons of the median nerve at the wrist were determined using a computerized threshold-tracking system (Weigl et al., 1989; . The median nerve was stimulated at the wrist level using surface electrodes of diameter 1 cm, taped to the skin 4 cm apart and orientated longitudinally along the course of the nerve. The stimulus was a square wave pulse with rise and fall times of 10 \is for a 40-50 mA stimulus. The antidromic CSAP was recorded from the index finger using ring electrodes of diameter 2-3 mm, set 2-3 cm apart around the proximal phalanx. The orthodromic compound muscle action potential (CMAP) was recorded using surface electrodes, the active over the motor point of abductor pollicis brevis and the reference on the proximal phalanx. Skin temperature was monitored at the second Fig. 1 The tracking procedure to record strength-duration data for sensory axons of the median nerve. As stimulus duration was increased (by 20 us every minute), the current required to produce a compound action potential of 30% maximal amplitude decreased (upper trace) and the latency to negative peak of the potential increased (middle trace). The efficacy of the tracking can be assessed from the amplitude recording (lower trace). The transients at the left of the amplitude trace occurred as the abrupt increases in stimulus duration resulted in a much stronger stimulus than required for a CSAP of 30% maximum.
metacarpophalangeal joint and at the wrist and was kept above 32°C at both sites by radiant heat and wrapping the limb in a blanket.
Stimulus intensity was adjusted automatically in steps of 2-5% by computer to produce compound action potentials of 30% maximal, alternating at 1 s" 1 between the stimulus for sensory axons and that for motor axons. Stimulus duration was increased every minute in 20 \is steps from 20 \is to 1 ms (Fig. 1) . In practice, this involved successive reductions in stimulus intensity of 2-5% until the amplitude of the compound action potential was just below 30% and then alternating increments and decrements around the appropriate stimulus threshold intensity (Fig. 1) . Given that there were some 30 stimuli at each duration for sensory axons and 30 for motor axons, this proved to be more than sufficient for threshold to be tracked accurately at each stimulus duration, except the shortest, with which the available current (50 mA) was insufficient in some subjects (see Results).
The routine procedure undertaken in all subjects involved measuring the thresholds for sensory and motor axons using 50 stimulus durations from 20 \is to 1 ms. In repeat studies on the same subjects or when determining strength-duration curves for CMAPs of different size, a short test protocol was used with only 12 stimulus durations (namely 20, 40, 60, 80, 100, 150, 200, 300, 400, 600, 800, 1000 |is) . The amplitude of the CSAP was measured peak-to-peak, and that of the CMAP from baseline to negative peak. Latency was measured to negative peak. As detailed in Results, strength-duration curves were analysed using Lapicque's formula (exponential) and Weiss's formula (hyperbolic). The latter relates stimulus charge to stimulus duration and, as expected from the computer simulations of Bostock (1983) , this formula provided the most accurate fit to the experimental data (see Results). Accordingly, time constant and rheobase were determined from plots of charge against duration. Group data are presented in the text as mean±SD, and were analysed using analysis of variance and subsequent t tests.
Results

Calculation of time constant
The accuracy of two curve-fitting procedures for strengthduration data for sensory fibres of a single subject is illustrated in Fig 
( 2) where Q = stimulus charge; /^ = rheobase current; / = stimulus duration; x SD = strength-duration time constant; / = stimulus current of duration /. With this formulation, x SD equates to the chronaxie, i.e. the stimulus duration corresponding to a current of twice rheobasic strength, and rheobase and time constant can be determined directly from the (linear) charge-duration plot, the former as the slope of the relationship, the latter as the intercept on the duration axis. This curve fit was compared with the fit produced by Lapicque's (1907) strength-duration equation, as given in Bostock (1983) and used by Panizza et al. (1994) :
Using an iterative process, rheobase and t SD were determined for equations 2 and 3. At first sight, both equations fitted the experimental data very closely ( Fig. 2A ), but they provided markedly different solutions for rheobase (namely 2.18 mA with Lapicque's equation, 1.39 mA for Weiss's equation) and strength-duration time constant (360 and 540 |is, respectively). The sum of the squares of the differences of the computed data from the experimental data was 0.98 for Lapicque's equation and 0.406 for Weiss's formula.
To illustrate the small but significant differences in the curve fits, Fig. 2B shows the data up to 500 \is and Fig. 2C the data from 500 to 1000 |is. The initial decline in threshold current with stimulus duration was more rapid with Lapicque's solution (Fig. 2B ), as expected for the shorter time constant, and the curve reached a plateau more rapidly ( Fig. 2C ), as expected for the higher rheobase. In plots of charge against duration ( By definition, rheobase could have an infinite stimulus duration. The difference between the two equations was illustrated further by calculating the stimulus duration appropriate for currents 0.1 mA and 0.01 mA above the appropriate rheobase values (2.18 mA with Lapicque's equation, 1.39 mA with Weiss's formula). With Lapicque's equation the stimulus duration for currents 0.1 mA and 0.01 mA above the Lapicque's rheobase were very short, 1.126 ms and 1.94 ms. With Weiss's formula, the calculated stimulus durations were more realistic, being 7.714 ms and 77.14 ms, respectively. In practice, however, accommodative processes limit near-rheobasic stimuli to ~20 ms in normally polarized axons (see Bostock and Baker, 1988; Baker and Bostock, 1989) .
It is concluded that Weiss's formula provides the best fit for strength-duration data, in agreement with previous authors (e.g. Bostock, 1983; Bostock et al., 1983; Geddes and Bourland, 1985) , and that rheobase and time constant (chronaxie) can be measured quite simply from the chargeduration curve. On Fig. 3A , chronaxies for sensory and motor fibres are indicated by the vertical arrows, and were determined from the rheobase values given in Fig. 3B . It can be seen that the chronaxie has the same absolute value as the intercept of the charge-duration relationship on the duration axis in Fig. 3B . The data for sensory fibres in Fig. 3 are those in Fig. 2 . The regression equation for sensory fibres in Fig. 3B gives values for rheobase of 1.41 mA and for time constant of 540 (is, equivalent to those obtained by iteration on computer using equation 2 (1.39 mA, 555 (is). Bostock (1983) presented data to suggest that Weiss's formula overestimates the threshold charge for stimuli of very short duration. To determine whether this was so for human nerve fibres, the threshold charge for sensory and Fig. 1. (B) The strength-duration time constant of sensory and motor axons determined from Weiss's formula, using plots of threshold charge against stimulus duration. The time constant is given by the (negative) intercept on the duration axis. The rheobase current is given by the slope of regression line. motor fibres was calculated from Weiss's formula for the 20-|is and 40-(is stimulus durations and was compared with threshold charge determined from the measured threshold current. Due to the limitations imposed by the available current, threshold charge could be determined for the 20-(is duration in only 18 out of 20 subjects for sensory fibres, and 10 out of 20 subjects for motor fibres. In 13 subjects, threshold charge for sensory fibres derived from the experimentally measured stimulus intensity was less than that calculated from the regression equation, and this was so for seven out of 10 subjects for motor fibres. The calculated and measured values for sensory axons were, respectively, 0.812±0.15 (tC (mean±SD) and 0.784±0.15 \iC, for the 20-(is stimulus and 0.833± 0.16 nC and 0.83±0.17 ^C for the 40-^s duration. The equivalent threshold charges of motor fibres were 0.945±0.13 \iC and 0.89±0.1 (tC for the 20-\is stimulus and 1.16±0.24iiC, 1.14±0.26^tC for the 40-(is stimulus duration. Thus, in agreement with Bostock (1983) , there was a trend for Weiss's formula to overestimate the threshold for both sensory and motor axons with the shortest stimulus duration (20 \is), but not with the 40-(is stimulus. It is arguable that part of this 'overestimation' was technical because the applied stimulus can never be a pure square wave (see Methods). However, this is unlikely to be the full explanation: the total charge was largely unaffected by the stimulus rise time because the falling phase was slowed by as much as the rising phase. With the shortest stimulus duration (20 |is), the rise time (10 (is) would not have prevented the stimulus reaching the commanded level, such that the area under the stimulus waveform (i.e. the stimulus charge) was equal to that expected if it was a pure square wave.
Latency
The latency of the CSAP and CMAP increased linearly with stimulus duration (Fig. 1) as, indeed, it must if stimulus intensity is the minimum necessary to produce a potential of fixed amplitude. While no additional insights derive from the latency measurements, in practice, deviations from a smoothly increasing relationship usually indicated artefact, and the latency plot provided an internal control on the quality of the data.
Required number of measurements
To determine how many measurements are required to calculate the strength-duration time constants of sensory and motor axons reliably, time constants were calculated using all 50 data points obtained during the experiment. Having determined the time constant using all data points, 12 measurements (20, 40, 60, 80, 100, 150, 200 , 300, 400, 600, 800, 1000 \is), five measurements (40, 80, 100, 500, 1000 (is) and two measurements (100, 1000 us) were chosen and the time constants recalculated for each data set. The values did not differ significantly, whether calculated from all 50 data points, from 12 data points, from five points or from two points (Fig. 4) . The time constant for compound sensory potentials of 30% maximum was significantly longer than that for compound motor potentials of 30% maximum (P < 0.02). The rheobase was lower for sensory fibres than for motor fibres. (B) Time constants for CMAPs of 30% determined at different sites. The time constant for motor axons did not differ significantly at wrist and elbow level, even though the rheobase was significantly higher at the elbow.
Differences between sensory and motor fibres
The time constant of sensory fibres was longer than that of motor fibres in all 20 subjects, except one (Figs 3-6) . The values were 665 ± 182 (is for sensory fibres and 459 ± 126 (is for motor fibres, a difference that is statistically significant (P < 0.02). Rheobase was lower for sensory fibres (1.27 ±0.09 mA) than motor fibres (2.46 ±0.6 mA). These findings confirm the difference reported by Panizza et al. (1994) for both strength-duration and strength-delay time constants, but the absolute values for the strength-duration time constants are much higher in the present study than in their study. In addition, the ratio of mean time constants (sensory-to-motor) was 1.4 in the present study and 3.3 for the strength-delay time constants in Panizza et al. (1994) .
(Although most of their data were derived from strengthdelay curves they reported similar values for strength-delay and strength-duration time constants.) The difference in the ratios are evidence against a systematic experimental difference as the cause of the different absolute time constants. This discrepancy is considered further in Discussion. the previously established population mean (i.e. <364 (is for sensory fibres; <252 (is for motor fibres).
Reproducibility of strength-duration time constants
To determine the limits of acceptable test-retest variability the values for each subject were subtracted from one another to give 3-10 'differences' per subject, presenting all possible pairs of determination, for that subject. This provided a total of 35 'difference' values for sensory fibres and 35 for motor. Histograms of the difference values were positively skewed with a higher absolute mean (sensory 168 (is; motor 112 |is), than geometric mean (sensory 117 ^is; motor 73 (is). The data could not be normalized by plotting on a logarithmic scale. The 95% confidence limits for the trial-to-trial reproducibility of measurement were therefore determined from the plots of Fig. 7 , as the 95th percentile. Accordingly, a test-retest difference of >400 (is for sensory fibres and of >250 (is for motor fibres would exceed the 95% confidence limits.
Strength-duration time constants at different sites along the nerve
Motor axons in the median nerve were stimulated at wrist and elbow using the same stimulating electrode configuration (and the same recording electrodes over the thenar eminence) in 10 subjects (Fig. 5B) . The time constants for motor axons associated with a CMAP of 30% did not differ significantly at wrist and elbow (408 ±128 |is and 421 ±78.8 us, respectively). However, the rheobase for motor fibres was significantly higher at the elbow (5.47±2.39 mA) than at the wrist (2.82±0.54 mA) indicating that, within limits, time constant was independent of absolute stimulus intensity.
Strength-duration time constants for axons of different threshold
To determine whether axons of different threshold have similar strength-duration time constants [to address the discrepancy between the present values and those of Panizza et al. (1994) see Discussion], the time constants for CMAPs of 30%, 60%, 90% of maximum were determined for 10 subjects (Figs 8 and 9A ). There was no significant difference in the mean time constants. The rheobasic current increased, as it must, in all subjects the larger the target CMAP.
With motor fibres it is possible to track the threshold for the axon of lowest threshold by recording the threshold allor-none EMG potential (Bergmans, 1970; Bostock and Baker, 1988) . The mean time constant for 20 single motor axons stimulated at the wrist was 343 ±127 ^s, significantly less 
Discussion
The strength-duration properties of a nerve depend on a number of factors (Bostock, 1983) , but reflect the properties of nodal membrane, such that their measurement has the potential to provide novel insights into different disease states affecting the peripheral nerve. In the present study we analysed the strength-duration curves of intact human sensory and motor axons, and demonstrated that the data are best described by a hyperbolic function rather than an exponential function (as was used in the only other reports on strengthduration properties of human axons; Panizza et al., 1992 Panizza et al., , 1994 . The study establishes that Weiss's formula provides the best data fit for compound action potentials, thereby confirming and extending the results of the computer model of Bostock (1983) and the findings on single axons of the rat of Bostock et al. (1983) . A consequence of the validity of Weiss's formula is that relatively few experimental measurements are required to determine the time constant. Finally, the results of this study demonstrate, for the first time, the reproducibility of strength-duration time constant measurements in the same subject on different days, for compound action potentials of different size and for different sites along the nerve.
Calculations of strength-duration time constant
In agreement with Bostock (1983), Weiss's equation provided an accurate description of the relationship between stimulus duration and threshold current (or charge). It is of interest that Lapicque (1909) suggested the use of Weiss's formula because its greater simplicity outweighed its slightly greater inaccuracy when compared with his classical formula. Our results endorse his views on simplicity but not accuracy. That an exponential relationship could not be fitted to the data as accurately raises questions about whether the term 'time constant' is preferable to the term 'chronaxie', first coined by Lapicque (1909) , though it will be retained here. A corollary of Weiss's formula would be that only two measurements are required to calculate the time constant. This was confirmed in the present study {see Fig. 4) . The 50 measurements undertaken to obtain the basic data for the present study would clearly be excessive for routine use. Only two measurements would be satisfactory if the data were perfect but, given the difficulties involved in human experimentation, it might be more prudent to base calculations on five or 12 measurements.
The precise value of the time constant depends on both the biophysical properties of the nodal membrane and the experimental technique used to make measurements (Bostock, 1983) . In the present study, strength-duration time constants were similarly reproducible within a subject, at different sites along the nerve, and across subjects. In addition, the time constant did not alter with the size of the compound action potential. These characteristics suggest a degree of reproducibility suitable for clinical usage. Critical technical factors are the size of the stimulating electrodes and the interelectrode distance, factors that were held constant in the present study, but without which one could expect more variable results.
An intriguing finding was that the strength-duration time constant of single motor axons (mean 343 u.s) was shorter than that of CMAPs (mean 459 us). Presumably one factor is that for a compound potential the time constant will be biased by the axon with the longest time constant in the sampled population. Tissue inhomogeneities and the proximity of the nodes of individual axons to the relatively large cathode might also be factors, but the similarity of time constants measured at wrist and elbow levels in the face of markedly different rheobases suggests that these factors are not critical by themselves.
Previous studies of strength-duration time constant for human sensory and motors axons
The only other formal studies of strength-duration time constants of human sensory and motor fibres are those of Panizza et al. (1992 Panizza et al. ( , 1994 , who reported values much shorter than in the present study. However, they used a different stimulating electrode arrangement {see above), and fitted their data to an exponential relationship. If the present data were put into an exponential equation the result would depend on precisely which values had been chosen, and time constants would be shorter {see Fig. 2) . Bostock and Bergmans (1994) have calculated the momentto-moment changes in strength-duration time constant resulting from tetanization of a single motor axon of a human subject, having measured threshold to stimuli of, alternately, 0.1 and 1 ms duration. The present study validates this method of determining the time constant of human axons, though as is implied above reliance on only two measurements is probably more appropriate for demonstrating the evolution of changes rather than the absolute value. Importantly, they found that large changes in time constant occurred with depolarizing and hyperpolarizing currents confirming that the absolute value of the strength-duration time constant depends on a complex interaction of a number of factors {see Bostock, 1983) .
Differences between sensory and motor axons
The results of the present study confirm that the strengthduration time constant of sensory axons is longer than that of motor axons, but the extent of the difference was much less (1.4:1 versus 3.3:1) than expected from the study of Panizza et al. (1994) . As discussed above, differences in experimental and analysis techniques undoubtedly contribute to this discrepancy. Specifically, most of their measurements were of strength-delay time constants, which reflect subthreshold membrane properties rather than the threshold properties implicit in the strength-duration curve. Nevertheless, they reported limited data suggesting that, under their conditions, strength-delay and strength-duration time constants were similar. It is possible that they overestimated the true difference between sensory and motor fibres. Their definition of a threshold motor potential could have been a single motor unit, whereas a threshold sensory potential must involve many axons. Accordingly, it might be more appropriate to compare the findings of Panizza et al. (1994) with the present values for single motor axons and for compound sensory potentials. However, the sensory:motor ratio is then ~ 1.9:1, still far short of their value of 3.3:1. Clearly, additional factors must be involved to explain the discrepancy between the two studies. Panizza et al. (1994) reported that the strength-delay time constant (as measured using latent addition) varied with the strength of the subthreshold conditioning stimulus, such that an overly large difference could occur if thresholds were not precisely matched.
It is unlikely that nerve geometry was responsible for the differences in strength-duration time constants for sensory and motor fibres in the present study. It is conceivable that motor fascicles are always more distant from the surface than cutaneous sensory fascicles. However, the similarity of strength-duration time constants at wrist and elbow despite different rheobases suggests that proximity to the stimulating electrodes is not a critical factor.
The difference in time constants of sensory and motor fibres could reflect fundamental differences in the ion channel organization in myelinated sensory and motor axons. K + channels contribute to outwardly rectifying conductances (Baker et al., 1987) , but outward rectification appears to be similar, if not identical, in human sensory and motor axons . In the rat, cutaneous afferent axons have a greater representation of kinetically slower Na + channels than motor axons and muscle afferents (Honmou et al., 1994) , and recent studies on membrane time constants of human axons using the technique of latent addition suggest a greater representation of persistent, non-inactivating Na + channels in sensory than motor axons (Bostock and Rothwell, 1995) . This difference could explain the longer strengthduration time constants of sensory fibres.
In conclusion, in the present study, we have compared the strength-duration behaviour of motor and sensory fibres in human subjects, determined the best method for deriving a strength-duration time constant, and evaluated the reproducibility of time constant measurements to determine whether they could be suitable for clinical use. The precise value of the time constant depends on a complex interaction of biophysical variables and on experimental technique. However, such measurements may well prove a useful additional tool for probing the pathophysiology of peripheral nerve disorders in human subjects, particularly when combined with other measures of axonal properties (e.g. excitability, supernormality, latency, sensitivity to ischaemia).
